Abstract
Vehicle performance and energy efficiency
The efficiency of driving a road vehicle depends in part on the technical features of the vehicle, such as energy conversion and transmission efficiencies, and partly on factors deriving from driving cycle and driving style. The interface between the road, weather and vehicle factors include air and surface resistance, and driving style exhibits a subtle interaction with the technical design of the vehicle (part load engine efficiencies, assistance say in shutting engine off rather than idling, brake power recovery, etc.) [2] .
It is customary to quote the relationship between energy input to the vehicle and a given length of a trip involving a predefined standard driving cycle specified by speed as a function of time and road conditions (slopes, surface types, wind speeds). For licensing purposes (including not only safety but also in many countries car taxation fixation, which increasingly is linked to car efficiency), vehicle performance under idealised driving cycles are been measured and published at annual intervals [3] . Figure 1 gives the 2005 results for selected cars already on the market, as function of payload, showing the great variations in efficiency for a car with a given payload, as well as the general decline of this measure of efficiency with increasing payload.
A better way to characterise the vehicle efficiency is to relate the energy input to the actual work being performed. Traffic work may be defined as the number of kilometres driven (along a given driving cycle) times the payload carried, i.e. km times kg. I use this index defined in terms of the maximum permissible payload for a given vehicle. The maximum payload is the difference between the maximum total mass of the vehicle loaded with passengers and freight, and its proper mass. This number is usually specified in the licensing certificate for the vehicle and is generally available in sales material for cars in Europe [4] . Alternative definitions include a further factor d escribing the average occupancy over time in terms of payload as a fraction of the maximum permitted, or simplified the occupancy taken as the average number of passengers relative to the maximum that the vehicle is designed to carry. Most of the cars selected for Figures 1 and 2 (see Table 1 ) are designed for a maximum of 5 passengers, with the exception of the 2-passenger Smart and a few sports cars, as well as the over-5 passenger multipurpose van-type vehicles. Figure 2 gives the index of transport work produced by a unit of fuel energy (taking into account the different energy densities of gasoline and diesel fuels), for the same vehicles and the same driving cycle as used for the performance index of Figure 1 . It is seen that there is still a large spread between the different model vehicles, but now the best performing vehicles are not solely those of small payloads. In fact, the top performer is a fairly large, diesel engine driven Skoda. Clearly, the inclusion of maximum payload in the evaluation is most relevant for customers actually making use of the payload capacity of their vehicle. If the car is driven most of the time with only one or two persons in it, and with modest amounts of freight, then the vehicles topping Figure 1 may be more appropriate.
Simulation setup
The simulation uses a mixed driving cycle of total length 89 km and composed of pieces from European and North American standard cycles (shown at the top of Figures 3 and 4 ). For the hybrid car, surplus power from the fuel cell is used to recharge the batteries, which at the end of the driving cycle are left as well charged as at the cycle start. The hybrid solution needs a fuel cell rated at 20 kW with an average efficiency of 50%, plus a 5 kWh Li-ion battery. Both batteries and fuel cells are emerging technologies, as regards efficiency and durability goals. The battery weight is 113 kg and would be about 2.5 times more for NiMeH or lead-acid batteries, starting to have a negative effect on performance due to increased overall car weight, in an obviously vicious circle. For comparison, the battery solution for the vehicle in question could not reach the required 650 km range, and a pure fuel cell vehicle would need a higher rating of 30 kW [2] . Figure 3 shows the simulation results for a small hydrogen fuel cell car with a maximum payload of 340 kg and a 30 kW mature technology fuel cell [2] . The simulated performance shown (for a typical average loading of 136 kg of passengers and freight) corresponds to an efficiency performance of 1.17 km/MJ or an index of transport work performance of 398 kg km/MJ, which is slightly better than the best of current vehicles as seen by comparing with Figure 2 . The higher mass of the fuel cell and auxiliary control and battery equipment makes the efficiency advantage over current optimised cars with a common-rail diesel engine and computerised controls very minor. Figure 4 shows the results of calculations made for a hybrid fuel cell/battery vehicle, again in the popular a-class with a 340 kg maximum but 136 kg actual average load of passengers and/or luggage. This car would have a range of 675 km with 4 kg of hydrogen stored onboard, under average driving conditions specified by the driving cycle shown at the top of Figure 4 (as compared to 600 km range for the pure fuel cell car of Figure 3 , with the same amount of stored hydrogen). Surplus power from the fuel cell is used to recharge the batteries, which at the end of the driving cycle are left as well charged as at the cycle start. The simulated performance is 1.32 km/MJ, corresponding to a transport work efficiency index of 448 kg km/MJ, which is substantially higher that what can be achieved by the current car concepts shown in Figure 2 or Table 1 .
Simulation results
The hybrid solution needs a fuel cell rated at 20 kW, assuming an average efficiency of 50%, plus a 5 kWh Li-ion battery. These batteries have only r ecently become available for automotive uses, and the fuel cell envisaged is rather the goal cell of current R&D, in terms of efficiency and assumed life of at least 5 years. At present, the extra cost of 50% more fuel cells or of a 5 kWH Li ion battery are comparable, and both must come down in order for any of the alternatives to become economically viable. The hybrid solution has a better performance (higher maximum torque and better acceleration characteristics) and even pure fuel cell vehicles are presently most often equipped with a traction-type battery (of say 1 kWh).
Conclusions
The key advantage of the car concept described in Figures 3 and 4 is that it has high efficiency in the conventional sense, before adding a fuel cell/electric motor also of high conversion efficiency. Many current fuel cell prototype cars put 60-100 kW of fuel cells into a basic car of poor efficiency, which makes little sense considering that the fuel cell cost is the most difficult obstacle. The transport work per unit of energy concept proposed in this paper for appraising vehicle efficiencies has the advantage, that it can be applied to both passenger cars, buses and freight trucks, and for looking at the current distribution of efficiencies for various vehicles on the market, in order to form a basis that does not bias against cars with increased passenger-or freight-carrying capacity. Sources : www.hvorlangtpaaliteren.dk; www.biltorvet.dk/nyebiler/fabrikat.asp 
